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Abstract

One application of additive manufacturing is for fabrication of customized, light-weight material
called Conformal Lattice Structures (CLS), a type of cellular structure with dimensions of 0.1 to 10
mm. In this paper, two advances are reported for designing CLS. First, computer-aided design
technologies were developed for efficiently generating and representing CLS, given selected part
model surfaces. Second, a method is presented for efficiently optimizing CLS by utilizing a
heuristic that reduces the multivariate optimization problem to a problem of only two variables.
The heuristic is: stress distributions are similar in CLS and in a solid body of the same shape.
Software will be presented that embodies this process and is integrated into a commercial CAD
system. In this paper, the method is applied to design strong, stiff, and light-weight Micro Air
Vehicle (MAV) components.

1 Introduction
1.1 Additive Manufacturing

Additive manufacturing (AM) refers to the use of layer-based additive processes to
manufacture finished parts by stacking layers of thin 2-D cross-sectional slices of materials.
This process enable fabrication of parts with high geometric complexity, material grading, and
customizability [1].

Design for manufacturing (DFM) has typically meant that designers should tailor their
designs to eliminate manufacturing difficulties and minimize costs. However, the improvement
of AM technologies provides an opportunity to re-think DFM to take advantage of the unique
capabilities of these technologies [2]. Several companies are now using AM technologies for
production manufacturing. For example, Siemens, Phonak, Widex, and the other hearing aid
manufacturers use selective laser sintering (SLS) and stereolithography (SLA) machines to
produce hearing aid shells, Align Technology uses SLA to fabricate molds for producing clear
braces (‘“aligners”), and Boeing and its suppliers use SLS to produce ducts and similar parts for
F-18 fighter jets. In the first three cases, AM machines enable one-off, custom manufacturing
of 10°’s to 100°s of thousands of parts. In the last case, AM technology enables low volume
production. In addition, AM can greatly simplify product assembly by allowing parts that are
typically manufactured as multiple components to be fabricated as one piece. More generally, the
unique capabilities of AM technologies enable new opportunities for customization,
improvements in product performance, multi-functionality, and lower overall manufacturing
costs. These unique capabilities include: shape complexity, where very complex shapes, lot
sizes of one, customized geometries, and shape optimization are enabled; material complexity,
where material can be processed one point, or one layer, at a time, enabling the manufacture of
parts with complex material compositions and designed property gradients; and hierarchical
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complexity, where multi-scale structures can be designed and fabricated from the microstructure
through geometric mesostructure (sizes in the millimeter range) to the part-scale macrostructure.

In this paper, we cover two main topics. First, we present geometric construction methods
that enable designers to take advantage of the shape complexity capabilities of AM processes.
Specifically, we develop a method for constructing cellular materials that conform to the shapes
of part surfaces; when restricted to lattice structures we call such constructs Conformal Lattice
Structures™ (CLS). The software that embodies this process is integrated into a commercial
computer-aided design (CAD) system. Second, we present a design method, the augmented size
matching and scaling (SMS) method, to optimize CLS efficiently and systematically.

1.2 Cellular Materials

The concept of designed cellular materials is motivated by the desire to put material only
where it is needed for a specific application. From a mechanical engineering viewpoint, a key
advantage offered by cellular materials is high strength accompanied by a relatively low mass.
These materials can provide good energy absorption characteristics and good thermal and
acoustic insulation properties as well [3]. Cellular materials include foams, honeycombs,
lattices, and similar constructions. When the characteristic lengths of the cells are in the range
of 0.1 to 10 mm, we refer to these materials as mesostructured materials. Mesostructured
materials that are not produced using stochastic processes (e.g. foaming) are called designed
cellular materials. In this paper, we focus on designed lattice materials called meso-scale lattice
structure (MSLS).

In the past 15 years, the area of lattice materials has received considerable research attention
due to their inherent advantages over foams in providing light, stiff, and strong materials [4].
Lattice structures tend to have geometry variations in three dimensions; some of our designs are
shown in Figure 1. Deshpande et al. point out that the strength of foams scales as p'~, whereas
lattice structure strength scales as p, where p is the volumetric density of the material. As a
result, lattices with a p = 0.1 are about 3 times stronger than a typical foam [5]. The strength
differences lie in the nature of material deformation: the foam is governed by cell wall bending,
while lattice elements stretch and compress.

In order to effectively design cellular structures, we must be able to accurately model,
determine the mechanical properties, and quantify the performance of these structures. Many
methods have been developed to analyze various cellular structures. For instance, Ashby et al.
has conducted extensive research in the area of metal foams [4]. Wang and McDowell have
performed a comprehensive review of
analytical modeling, mechanics, and
characteristics of various metal
honeycombs [6, 7]. Deshpande et al.
have investigated extensively lattice
cells, particularly the octet-truss
structure. However, the analysis
assumed that the struts only
experience axial forces [5], while
Johnson et al. provided a more
comprehensive analytical model of the
truss structure by considering each

b) skin with single layer of lattice structure

1
a) octet-truss

c) Skin with 2 layers of truss structure made in SL

Figure 1: Octet truss unit cell and example parts with octet
truss mesostructure.
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strut as a beam experiencing axial, bending, shearing, and torsion effects. The octet-truss
structure was analyzed using a unit-truss model that consists of a node and set of half-struts
connecting to the node [§].

1.3 Design Methods

The design synthesis method for cellular materials consists of size, shape, and topology
optimization to address different aspects of the structural design problem. In order to understand
optimization of structures, the definitions of three categories of structural optimization are
important [9]. A typical size optimization involves finding the optimal cross-sectional area of
each strut in a truss structure [10]. Shape optimization computes the optimal form that defined
by the boundary curves or boundary surfaces of the body [11, 12]. The process may involve
moving nodes to change the shape of the structure; however, the element-node connectivity
remains intact. Topology optimization, according to Rozvany, finds optimal connective or spatial
sequences of members or elements in a structure [13].  In topological optimization, the
physical size, shape, and connectivity of the structure are not known. The only known properties
are the volume of the structure, the loads, and the boundary conditions [9]. It can be seen that
topology optimization involves aspects of both size and shape optimization. Three categories
of structural optimization are illustrated in Figure 2. It can be seen that size and shape
optimizations consider the material distribution in the structure to satisfy certain loading
conditions while maintaining the same topology. On the other hand, the initial and optimal
structures are completely different in the case of topology optimization. In this research,
optimization variables of the truss structures are strut diameters. However, each unit cell of the
MSLS can have a different configuration depending on the selection criteria. Therefore,
“topology optimization’ will be the term used in this research for designing and optimizing
MSLS.

Structural ~ optimization  for " =>
cellular structures dates as far back

X j
as a century ago. In 1904, George fb) =

Michell, an Australian engineer, {

published a theory that defines the sl m

existence of an analytically optimal
truss structure under certain loading _ o S

Figure 1: (a) Sizing optimization of a truss structure, (b) shape
optimization, and (c) topology optimization [9]

conditions [14]. However, Michell
trusses are limited to two
dimensions and are not conducive
to conventional manufacturing due
to varying lengths and curved beams needed for optimal solution. Hence, it is very limited in
application.

The topology optimization techniques used to design truss structures are based on one of
two approaches: the homogenization (continuum) approach and the ground (discrete) truss
approach. The homogenization approach in topology optimization is a material distribution
method that considers the design space as an artificial composite material with an infinite
number of periodically distributed small holes. The problem is transformed from a topology
optimization problem to a sizing optimization problem by considering the sizes of these small
holes as design variables. The main task is to create a microstructure model using a material
density function. In the final optimal structure, regions with density at or near one are filled
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while regions with density at or near zero are empty. The method was pioneered by Bendsee
and Kikuchi in 1988 [15].

The ground truss approach starts with a ground structure, which is a grid of all elements
connecting the nodes in the design space. The optimal truss structure is realized by selecting an
optimal substructure from this pre-defined ground structure. Ultimately, the ground-truss
approach is a sizing optimization problem, where the cross-sections of ground truss members are
the continuous design variables for the optimization. The cross-sections of the struts are sized
to support the applied loads on the structure. Struts with cross-sections near zero are then
removed to obtain the optimal structure [16].

2 CLS Design Method

The basic idea of how cellular materials are created is presented here. Four example
primitive cell types are shown in Figure 3, three of which are lattice structures and the fourth is a
foam. These cell types are 2-dimensional for simplicity of presentation. The octet lattice in
Figurea is an example 3-D cell type. Lattice structures consist of a set of struts (beams) that
connect the nodes of the lattice.

a) uniform lattice

O

Figure 3: Cellular primitives: three lattice

structures and one web structure b) conformal lattice
Figure 4: Uniform and conformal lattice
structures

To generate the cellular designs in Figure, the primitive cell types must be mapped into a
mesh. In 2-D, the mesh consists of a set of connected quadrilaterals. In 3-D the mesh consists
of hexahedra (6-sided volume elements with planar sides). The uniqueness of our work is our
use of conformal cellular structures, rather than uniform “lattice block” materials, that can be
used to stiffen or strengthen a complex, curved surface. To see the difference between
conformal and uniform structures, Figure 4a is an example uniform lattice structure, while Figure
4b shows a conformal lattice. Meshes for uniform structures consist of cube elements in 3-D
(squares in 2-D), while for conformal structures, the mesh elements are general hexahedra. We
have developed a new algorithm for generating conformal meshes that are used to create
conformal lattice and cellular structures. An older algorithm based on a mapped meshing
approach [18] has been updated significantly. We prefer that mesh elements are as cubic as
possible; i.e., are of uniform thickness and uniform size. Such meshes are typically not
generated by the free meshing methods in finite-element analysis codes, while typical part
geometries are too complex for mapped meshing methods.
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2.1 CLS Construction Method

The overall method for generating conformal cellular structures is shown in Figure 5. It
consists of two main steps, indicated by the shaded rectangles: computing 3D conformal mesh,
and populating the mesh with cells. Inputs and outputs of the steps are shown as ovals. Each
step is detailed below.

The objective of the meshing algorithm is to generate a conformal hexahedral mesh into
which cells from the cell library can be placed. One or more layers of cellular structure can be
placed to support the part’s skin. The input to the algorithm may be a CAD solid model of the
part, a surface model of the part, or a triangulated surface model (STL file) of the part. A
method of constructing solid and STL models of lattice structures was presented in [17]. The
method utilized the conformal lattice generation algorithm from [18].

COMPUTE
3D
Conformal
Mesh

Conformal
Cellular
Model

Populate
Mesh with
Cellls

Conformal

4 2 00 2 4

Figure 5: CLS construction method

2.2 Construct 3D Conformal Mesh

The algorithm to generate a 3-D conformal mesh is shown in Figure 6. The first step is to
divide the part boundary into relatively flat regions, since it is easier to control the mesh
generation method if regions are not very curved. We implement an absolute angular deviation
measure between surface or triangle normal vectors to determine if that surface or triangle should
be added to the region being generated. For the purposes of presentation, we will assume that a
STL file was given. Then, one triangle is chosen as the first triangle of a region. The normal
vector of each connected triangles is compared to the normal of the first triangle; if they differ by
less than a given tolerance, the triangle is added to the region. As an example, the tolerance for
the simple part in Figure 5 was chosen so that the model consists of two regions: the cylindrical
surface and the planar surface.

For each region, three main steps are performed as indicated by lines 3, 4, 5 of Figure 6. The
first is to compute the offset of the object boundary. An offset is a collection of points that are
at a specified distance away from the starting surface (distance is called the offset distance). As
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an example, an offset of a circle is a circle that is concentric with the first circle. Generally
speaking, a positive offset results in a larger object, while a negative offset results in a smaller
object. We use an offset method developed for tessellated part surfaces [19], but any offsetting
method could be applied.

Algorithm Construct Conformal Mesh

Input: CAD or STL model, desired element size

Output: hexahedral mesh that conforms to the outer surface of the given model
1. Partition part model into relatively flat regions.

2. For each region,

3 compute offset of region boundary

4. construct tri-parameter volume

5 divide parameterized volume into hexahedra

6. End for each region.

7. Ensure region boundaries match.

Figure 6: Algorithm for constructing a conformal mesh

The second step is to construct a tri-parameter volume between the original surface and its
offset. Surfaces are parameterized using two parameters. Volumes are parameterized using
three parameters. This step of the algorithm imposes a surface parameterization on the region
of the part that will be reinforced [20]. The same parameterization is transferred to the offset
surface. Finally, a lofted volume is constructed from the original surface to the offset surface.

The third step is to generate the conformal mesh by dividing the parameterized volume into
individual elements (hexahedra). This is very straightforward. After selecting either the
number of elements or their typical size, increments in each of the three parameters are
computed, which are used to generate elements of the mesh. For example, if the increment in u
is chosen to be 0.1, then 10 elements in the u direction will be generated, since (1 - 0) /0.1 = 10.
By successively incrementing each of the three parameters that define the tri-parametric volume,
mesh elements are created.

The final step in Algorithm Construct Conformal Mesh (line 7) is to ensure that region
boundaries match by adjusting node positions and by adding elements, if necessary. Since the
regions are parameterized separately, the hexahedral elements may not match well. Nodes from
neighboring regions may be moved and merged to achieve matched boundaries. Also, a series
of hexahedral or tetrahedral elements may be added in gaps between meshes in neighboring
regions.

2.3 Construct MSLS

The algorithm for the second step (populate mesh with cells) of the overall conformal
cellular structure design method from Figure 6 is described here. One input to the algorithm is
the conformal hexahedral mesh that was generated in the first step. The other input is the cell
types contained within a library. The first step is to partition the mesh elements into regions
such that within each region the loading conditions are similar on each element. These need not
be the same regions that were used for mesh construction. For each region, a cell type from the
cell type library is selected to populate the mesh elements in that region. The idea is to match
the region’s loading conditions to the cell type, such that the cell type is effective at supporting
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the loading conditions. In this manner, the resulting cellular structure is more likely to be
lighter for a given level of stress or deflection. These operations may be performed
concurrently or maybe performed sequentially, depending upon the designer’s preference and
may be automated or be performed by the designer directly.

The final step in Figure 7, “Apply Selected Cell Types to Selected Mesh Elements,” is
where the actual cellular geometric model is constructed. This operation has been called
population of mesh elements earlier. One simply maps a cell type into a mesh element. Since
both the cell type and the mesh element are defined parametrically, a simple parametric mapping
algorithm can be applied to directly construct cell geometry.

To construct a STL of the CLS, additional geometric construction operations must be
performed. We utilize the approach described in [17], where solid models of the half-struts
incident at each node of the mesh are constructed using Boolean operations in a solid modeling
system. Then, each solid “node” is tessellated and the triangles are written to a STL file.

The resulting conformal cellular geometric model can be subjected to optimization methods
in order to reduce weight, increase strength, increase stiffness, achieve some other objective, or
achieve some combination of objectives. Such methods have been applied by a number of
research groups [21].

L. Set general parameters
2.4 Integration into CAD v
The overall process for constructing MSLS has been Set la“icefammeters
embodied in a software package called TrussCreator. )
S . . . ’ Select latt
which is available as a plug-in for the Siemens NX CAD = aw oetpe
system. The construction procedure is shown in Figure 7. > Select surfaces
For each step, dialog boxes are designed and created for v
user input. The user can access these dialog boxes through Set lattice direction

the TrussCreator menu, as shown in Figure 8. In the

lattice parameter setting menu, the wuser can input No w

information about diameter of struts, the size of unit cells, Vo
and partition angle (step 1 in Figure 6) for given surfaces, Generate lattice - TrussCreator
and other settings. 7
. . Display latti
After entering the parameter settings, the user can Sy e

v
select the lattice structure type from a set of pre-defined | Save STL file

types. In the surface selection stage, the class selection
dialog is loaded that makes selection for only surfaces in
the current working part. After selecting the surface, the
user can choose what direction to add the lattice structure. Arrows appear that indicate the
normal direction in which the lattice structure will be added; the direction can be flipped by
selecting the surface that user wants to change. TrussCreator generates lattice structures based on
input information mentioned above. After generating the lattice structure, it is displayed with its
parent surfaces in the NX system. The user can examine the lattice structure details using NX
functionality and save the structure as an STL file. Capabilities are offered to edit the lattice
structure (add/modify/delete nodes and edges). Additionally, structural analysis or optimization
can be performed by exporting files for input into ANSYS.

Figure 7: Interface flow chart
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M NX 7.5 - TrussCreator - [wing_selexam_animation_LS1.prt (Modified) ]
mﬁila Edit VMiew Inger Format Tools Asesemblies [nformation  Analysis  Preferences window Help | TrussCreator

oo () 3 W s o B @ X 0 & I oo 2 B

- Save Structure
[Mo Selection Filter fw] [Entire Assembly g e 3™ -

Lattice Direction

] Parameter Setting ¥ General setting

Lattice setting

Run TrussCreatar

Select region & Run TrussCreator

Edit Lattice Structure 3

Lattice Type »

Setting FEA Boundary Condition 3
Propenties »
Export ANEYS INPUT file

Expott input file & Run ANSYS

Run Size Optimization

Load Optimization Result

Expor STLfile

Figure 8. TrussCreator menu.
3 Augmented Size Matching and Scaling (SMS) Method

Regardless of which structural optimization approach outlined in Section 1.4 is used for the
design of meso-scale lattice structures (MSLS), an actual multi-variable optimization routine
must be performed. Since the computational complexity of the design problem often scales
exponentially with the number of design variables, topology optimization is infeasible or
impractical for large design problems. The Size Matching and Scaling (SMS) method uses a
heuristic to reduce the multivariable optimization problem to a problem of only two variables
[22]. The heuristic is based on the observation that the stress distribution in a MSLS will be
similar to the stress distribution in a solid body of the same overall shape. Based on the
computed local stress states from the solid body analysis, unit cells from a predefined unit-cell
library are selected and sized to support those stress states. The optimal diameters of these struts
are then computed by performing a two-variable optimization. This design approach removes the
need for a rigorous multi-variable topology optimization, which is a main bottleneck in designing
MSLS. The previous SMS method [22] was limited to MSLS designs with simple geometry
and shape because of the lack of systematic ground structure generation capability. To overcome
this limitation, the new augmented SMS method presented here integrates the CLS construction
methods outlined in Section 2 to the ground structure generation process of the SMS method.

3.1 Problem Formulation

Each meso-scale lattice structure design problem has its own loading condition, geometric
properties and desired performance specification. However, they can all be characterized as
multi-objective design problems using the Compromise Decision Support Problem (cDSP)
method [23]. The specific problem formulation for the SMS method is presented in Table 1.

The symbols p®®, p”, p represent the boundary, loading and material properties,
respectively. The strut diameter, D;, can either range from the lower diameter bound, D, to the
upper diameter bound, Dyjp or zero. The symbol o; represents the axial stress value in each i
strut. The symbols V" and d represent the volume and the deformation of the structure. W, and Wy
represent weighting variables for d and ¥ in the minimization function, Z. The volume of the
structure is calculated by summing the volume of all the struts in the structure, which are
assumed to be cylinders:
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2
V=Z7z><DT"><I[ (1)

where D; and /; represent the diameter and length of each of the i strut in the structure. In this
calculation, the overlapping volumes where the struts meet are not subtracted from the overall
volume of the structure because they are assumed to have negligible contributions in order to
simplify the calculation. The symbols 7, j, and k represent each unit-cell region in the structure,
each unit-cell configuration in the unit-cell library, and the strut number in each of the j
configurations in the library, respectively; n represents the nodes from the solid-body finite
element analysis.

Table 1: Mathematical cDSP formulation for the SMS design problem [22]

Given: pp, p p, st ik

Find: Di,k = Silj,' X Sf,' x (DMAX - DMIN ) + DMIN (a)
Dytax ; Dviv-— (b)
Sy = Z:min _ar;iil (©)

T 0y Oy

Satisfy: Dy < Dyyn < Dyux < Dy (d)
0 =0max (e)
V<Vinax ®

2
o e V-
Minimize: | Z=(W, xd)2+[WVx VVIJ (2

The SMS method requires additional information besides the starting topology, and the
boundary condition. External sources of information include the unit-cell library and the solid-
body finite element analysis. Using that information, the determination of the strut diameters,
shown in (a) of Table 1, reduces to a 2-variable optimization problem. It can be seen that D,
can be determined using the pre-scaled maximum and minimum diameter value, Dys4x and Dy,
a stress scaling factor from the unit-cell library, S, and a unit-cell scaling factor from the solid-

body stress analysis, S,fj. Hence, only Dyux and Dyyv need to be determined through

optimization. The minimization function, (g) of Table 1, is formulated in the least-squares
format to minimize the deflection of the structure, d, and deviation of the structural volume from
a target volume, V;,. W, and Wy represent the weighting variables for d and V.

The optimization process of D4y and D,y requires calculation of deflection, volume, and
associate stresses using finite element analysis of the truss structure. The finite-element package,
which assumes each truss member as a beam element, was developed in MATLAB [24]. Once
the optimization is done, the diameter of each strut is obtained using Equation (a) of Table 1.
The optimized maximum and minimum diameters of the structure are denoted as D,,,, and D,
to differentiate from the pre-scaled maximum and minimum diameter value, Dy4x and Dygy. It is
important to note that the finite element analysis of the truss structure is conducted using the
scaled/true diameters of the structure. Other problem formulations with different objective
functions can also be used with the SMS method.
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3.2 Overview of Augmented SMS method

The SMS method can be
divided into eight discrete tasks
that are completed in seven

. . . Design Parameters
Stepsa as summarized in Flgure 2a. Generate Ground \{ 2b. Generate and Analyze
9. Outputs of each step are Structure Solid Model

1. Specify geometric, boundary
and material properties

shown in the shaded box under Unit-Cell Model 3 Correlate FEA nodes Nodal Stress Results
eaCh Step to Unit-cell Model
. . Mapped Nodes
3.2.1 Step 1: Specification of !
loading, boundary conditions and [ 4 Normalize Stress Results |
material properties Unit-Cell Stress Value
In this first step of the ( v ]
5. G te Unit-Cell Topol H Unit-Cell Lib
method’ the boundary enerate uni ($ opology ni €l 1prary
.. . . Structural Topology
conditions, material properties,
and loading conditions are ‘ 6. Remove Unessential/ ’
specified for the target meso- Duplicated Struts
scale lattice structure. These Clean Tgp"l"gy
propertles will be utilized to [ 7. Determine Diameter Value ]
perform the stress analysis of Optimized Structure
both the solid-body  Figure 9: Overview of augmented SMS method

representation in step 2b and the

truss structure during the optimization process of step 7. These values include the material
properties such as Poisson’s ratio, Young’s modulus of elasticity, and the desired loading and
boundary conditions.

3.2.2 Step 2a: Generation of ground structure

In this step of the method, the ground structure of the MSLS is created. The ground
structure only specifies the bounding geometry of the truss structure and contains no actual struts
or materials. In this implementation of the SMS method, a free mesh approach is utilized to
generate the ground structure that conforms to an arbitrary complex surface. Computer-aided
technologies were developed for efficiently generating and representing the lattice structure [25],
as described in Sec. 2.2.

3.2.3 Step 2b: Solid body finite-element analysis

A solid body is generated that envelopes the part model surfaces and the MSLS and a stress
analysis is performed using finite-element analysis. The loading and boundary condition, and
material properties for the structural analysis are specified in step 1 of the method. The purpose
of this step is to obtain the stress distribution of the solid-body structure and extrapolate this
information to determine the stress distribution and the local stress states in the MSLS. Once
the analysis is complete, the von Mises stress distribution of the structure is obtained. The
primary deliverable of this step is the general state of stress at each node, which is characterized
by six independent normal and shear stress components, Gy, Gyy Oz, Txy, Txz, aNd Ty,.

3.2.4 Step 3: Map FEA nodes to ground structure

In order to use the finite-element analysis result obtained from step 2b, the stress results
must be appropriately mapped to the ground structure. The goal of this step is to determine
which finite-element nodes correlate to which unit-cell region in the ground structure. Since
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the free mesh approach is utilized to generate the ground structure, the augmented SMS method
requires a FE node classification method that works with arbitrarily shaped mesh elements.

The process starts by dividing each face of the unit cell into triangles, since triangles are
convex and planar, and every polygon can be broken up into a set of triangles. An outward-
pointing normal for each triangle can then be obtained by computing the cross-product of two of
the edges. After all the normal vectors are obtained for the unit cells, we can determine
whether or not a finite-element node falls into the unit cell by computing the dot-products
between the triangle normal vectors and the vector from a vertex of each triangle to the node.
For hexahedra mesh elements, there will be a total of twelve triangles with twelve outward-
pointing normals and twelve dot product operations. If and only if all the dot product results
are either 0 or less than 0, then the finite-element node belongs to that unit cell. In the case that
one of the dot products is equal to 0, the finite-element node is on the boundary between multiple
unit cells and will be included in each. After the node mapping process is done, each unit cell
will contain a list of finite element nodes that will be included in the calculation of the stress
distribution in that unit cell.

3.2.5 Step 4: Stress Scaling and Normalization

After step 3 is complete, the stress values from the finite-element nodes in each unit cell are
averaged to determine average stress values of six independent normal and shear stress
components. Only the absolute values of the stresses are averaged. The stress results from
FEA are only relevant for the solid-body structure. Instead, the stress distribution is of interest
and will be used to guide the setting of strut sizes. Therefore, the stresses are normalized from
zero to one such that the largest value of stress is equal to one. These six scaling values
correlate to six entries of each configuration in the unit cell and will be utilized to size the struts
during the topology generation process in step 5.

In topology generation, the diameter values of the selected unit-cell configuration from the
preconfigured unit-cell library are scaled against the associated stress values (Gxx, Oyy, Gz, Txy, Txzs
and 1y,) and then mapped to the unit cells in the ground structure. However, since the solid-body
results are provided relative to the global coordinate system, stress transformations are needed to
ensure correct topology generation, which is performed by rigid-body rotation of the axes.
However, since the unit cell is not necessarily a cuboid hexahedron, a representative local
coordinate system can be determined using the following approach. Each unit cell, such as in
Figure 10, from the ground structure is characterized by 8 nodes and 12 edges. Three edges of
the unit cell, edge 1-2, edge 1-4, and edge 1-5, respectively, are selected as reference edges,
nominally representing the x, y, and z axes, respectively. For each edge that corresponds to the
direction of a certain axis, the angle between that edge and the corresponding reference edge is
calculated; e.g. in the x-axis direction, the angles between edge 1-2 and edge 5-6, edge 1-2 and
edge 8-7, and edge 1-2 and edge 4-3 are calculated and averaged. This step is repeated for the
other two directions. The reference edge with the lowest average angle is selected as the starting
axis for that particular direction.  The reference edge with the second lowest average angle is
selected as a second axis. The cross product is performed between the first and second axes to
find the third orthonormal axis. Then another cross product is computed between the third and
first axes gives the second orthonormal axis. This approach determines the local orthonormal
coordinate system of a unit cell from the ground structure.
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Figure 10: Unit-cell region Figure 11: Rotation of coordinate system (x’, y’, z’)

After obtaining the local coordinate system for the unit cell, the relative orientation between
the local and global coordinate system can be determined. The global coordinate system, xyz,
and local coordinate system, x’y’z’, are shown in Figure 11 where a, is the angle between the x’
and x axes, B is the angle between x” and y axes, &1 is the angle between x’ and z axes, a, (not
shown) is the angle between the y’ and x axes, and so forth.

Let R be the rotation matrix that transforms the vector components in the original coordinate
system to those in the primed system, then

x' R, R, R,
V=R Ry, Ry|yy (2)
z' Ry Ry, Ry||z

From Eqn. 2, it can be seen that the unit vector x’ can be expressed in the original coordinate
system as

x'=R x+R,y+R,z 3)

where Rj; are direction cosines. Therefore, X’ can be expressed in terms of x, y, z using Eqn. 4.
x'=cos(a, )x+cos(f)y+cos(6,)z 4)

Similarly, axes y’ and z’ can be expressed in term of x, y, and z. In matrix form, the coordinate
transformation is shown in Eqn. (7).

x' cos(a,) cos(B) cos(6)|[x
y'r=|cos(a,) cos(f,) cos(6,) ||y (5)
z' cos(a;) cos(B;) cos(d,) ||z

The stress state at a point P is characterized by six independent normal and shear stress
components, as shown in Figure 12. These components can be organized into a matrix:
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Tw Oy Ty (6)

X zy zz

The grouping of these stress components becomes the components of a second-order stress
tensor. This stress tensor is defined in the deformed state of the material and is known as the
Cauchy stress tensor [26]. With the rotation matrix given in Eqn. 5, the Cauchy stress tensor in
the local coordinate system (x’, y’, z’) can be obtained using Eqn. 7.

[o]=R[o]R (7)

R is the transpose of R, o is the Cauchy stress tensor in global coordinate system (x ,y, z), and ¢’
is the Cauchy stress tensor in the local coordinate system (x’, ¥, z’). This follows the rule of
changing second-order tensor components under rotation of axes [26]. Ultimately, there will be
six stress values for each unit cell, 6y, Gyy Gz, Txy, Txz, and Ty, Which correspond to the scaling
factors, ¥.i, in (a) of Table 1.

3.2.5 Step 5: Topology generation

The unit-cell lattice structure selection and mapping
process will be described in detail in Section 3.3. After
this step is complete, the structure will have a topology
designed for the anticipated stress distribution in the
truss structure. The relative thickness of one strut to
another is known. However, these normalized diameters
must be correlated with actual strut diameter values in
step 7 of the method.

X
Figure 12: General state of stress [26]
3.2.6 Step 6: Ambiguity resolution
Since the unit cells are populated individually, there
will be instances of overlapping struts between adjacent unit cells. These struts will have
identical start and end nodes. To resolve this ambiguity, the largest diameter strut is kept and all
other smaller struts are removed. Duplicated nodes are also removed.

3.2.7 Step 7: Diameter Sizing

The normalized strut diameters must be replaced with the actual diameter values to satisfy
the loading and volume condition. It can be seen from the problem formulation for the SMS
method shown in Table 1, the only parameters missing to determine the diameter of each strut
are the Dyynv and Dy, where Dyx and Dy correspond to pre-scaled thickest and thinnest
diameters, respectively. After D,y and D,y are calculated, the diameters of each strut can be
determined using Eqn. 8.

Di,k = Sil,[j X Si’:j x (DMAX =Dy ) + Dy (8)

where D ; is the diameter value of the k™ strut in the i™ unit cell.

In the 2-variable approach, values D,y and D)y are determined by performing 2-variable
minimization of the objective function (g) from the problem formulation in Table 1. It is
rewritten in Eqn. 9 as a function of both Dy;y and Dy, where V(Dugy, Duax), volume, and
d(Dyun, Diax), deformation, are functions of only Dy and Dy4x. Deformation, d, represents any
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unit of measure that is directly proportional to structural stiffness, such as tip deflection or strain
energy. The target structure must attempt to minimize both volume and deflection. However,
these two goals have competing effects. The target deflection is usually set to zero. Two
algorithms used to perform this two-variable minimization are the Levenburg-Marquardt and
active-set algorithms. The Levenburg-Marquardt algorithm has documented success in design
and optimization of MSLS [21], while the active-set algorithm is documented to have success in
optimization of multivariable, nonlinear and constrained optimization problems [29].

V (DMIN > DMAX ) B Vz ’

7 j 2

In addition to exploring the two-variable optimization approach, it was noted in previous
research that for a particular truss structure there is an ideal relationship between Dyy and Dysx
such that when the ratio is approximately equal to 28% for a specific target volume, the structure
would have the least deflection [27]. This finding has significant effect because it would reduce

the two-variable equation involving D),y and Dy4x to a one-variable equation. As a result, the
equation to determine the diameter of each strut becomes:

Z(DM’N’DMAX ) = (Wd Xd(DMIN’DMAX))Z +{WV x

D, =[0.72(8}; xS} )+028 D,y (10)

In this research, both one-variable and two-variable approaches will be used. The results will
be compared in terms of the deformation and design time.

3.3 Unit-cell Library

The second component of the augmented SMS method is the unit-cell library, which was
developed to generate the topology for the MSLS [22]. There are seven different unit-cell
configurations in the library. Each configuration has six entries with each specialized for six
independent normal and shear stress components. Entries in the library were optimized for
loading conditions corresponding to each of the six stress states.

3.3.1 The optimization process
The problem formulation utilized for the optimization of unit cells is shown in Table 2.

Table 2: Qualitative cDSP formulation for the optimization of unit cells [15]

Given: Loading and Fixity Conditions, Starting Lattice Topology
Find: Truss Diameters/Lattice Topology
Satisfy: Targ.et Strain Energy
Maximum Stress Value
Minimize: | Volume

For unit-cell optimization, the objective is to minimize the volume of the unit cell. The
stiffness is set as a constraint to force the performance of all the optimized unit-cells to be equal.
Strain energy AU, is the metric to measure stiffness, which is calculated as:

wu=2Eg

2

(11)

where 2F s the average magnitude of the load and d is the total displacement of the structure.
2

Strain energy is widely used in topological optimization problem.
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The optimization process for the unit cell is divided in to five separate steps as described
below.

Step 1: Insert Initial Unit-Cell Configuration: Each unit cell is defined in a cuboid region by 8
nodes in each corner. A diameter value of “1” is assigned to all the struts in the unit cell.

Step 2: Apply Loading Conditions: In this step, the unit cell is loaded with six loading conditions,
each for a component of the stress state. The
loading conditions are shown in Figure 13.

These loading conditions must be applied /4’\' ______ ”N
in multiple directions. For instance, there are R, 4 ‘—\-»:/ ‘\éi
4 shear directions in the XY plane including z,, :::i \\\ / ,,,,,,,,,,,, ‘A TN & L
~Ty, T, -G The unit-cell must be optimized " 'ry . .

individually for each direction and then / \‘\.\? 0’\/ """ r \-.\
combined to form the final optimized unit-cell. e q \m\\é_’ o

Step 3: Optlmzze unit-cell: After defining the X:| :

base-latt}ce structure and.lo'admg cqnd1t10ns, Figure 13: Loading conditions for unit-cell
the umt-ce}l was optimized using the optimization [22]
parameters in Table 3. The analysis and

optimization was done in ANSYS 13. 0

Step 4: Combine Optimized Unit-Cells: Since the loading conditions are applied in multiple
directions, the results from each direction must be combined to form an optimized unit cell. The
process is illustrated in Figure 14 for shear stress in the XY plane. When combining the results,
the largest diameter for each strut is kept and all other instances are deleted.

After all the configurations are optimized, the diameters of the unit cells are normalized

from 0 to 1: Table 3: Optimization parameter for unit-cell

optimization in ANSYS[22]

D,

Diii = Djm]:xl (12) Strain Energy Constraints (mJ) 50
1

Poisson Ratio 0.3

where j represents each strut for each A"
configurations for each of the [ stress
directions. k goes from one to seven because | Loading Magnitude (N) 10
there are seven configuration. [/ goes from
one to six because there are six stress directions, Gxx, Oyy, Gz, Txy, Txz and ty,. Hence, D™

. . . . norm .
represents the largest diameter value among the six stress directions. Dixl™ becomes the unit-

cell library scaling factor that is used in the diameter determination step.

Elastic Modulus (N/mm?2) 1960

After the normalization process is complete, the unit-cell library is stored in a list with three
key parameters: the nodal coordinates, the elements, and the diameters of each element

3.3.2 Unit-cell selection

One way to generate the best topology for the structure is to iteratively populate each unit
cell in the ground structure with a configuration from the library and analyze the performance of
the structure. However, it is computationally infeasible because there are M number of possible
combinations of topology where M is the number of configurations in the unit-cell library and N
is the number of unit cells in the ground structure. For instance, a ground structure with 5 unit
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cells would already have 7° = 16807
unique topologies. Therefore, a heuristic
was developed for the selection process.

Since all the configurations of the unit-
cell library are optimized such that they
have identical performance, the structure
with the smallest normalized volume is
selected. = The selection is performed
using the Equation (18) [22], which
incorporates three terms. The first is the
sum of all lattice structure unit-cell
volumes from the 6 stress states. The

v 00

second term is the volume of the structure Figure 14: Combination of optixmized unit-cells for shear
if it were mapped into the particular mesh stress in XY plane for Cantley configuration [22]
element, while the third term represents a

performance term based from empirical results. This term attempts to predict how well a
configuration will perform when multiple instances of the configuration are utilized.

This selection process is performed for each unit cell from the ground structure and the
configuration with the lowest rating, 7, is selected for that unit cell.

=W XDV # Wy XV, + W, x 3P (13)

where
DV, =V AV, +V AV +V_ +V, (14)
2 P=P,+P, +P +P +P +P, (15)

and W,, W,,, and W, are weights (importances) on each term.

For each topology configuration, the volume of each entry in six primary stress directions
(Oxx> Oyy, Oz, Txys Txz, and Ty,) is multiplied by the corresponding normalized stress results from
step 4 of the SMS method and then

Summed to determ1ne ZV as Shown ln z Crossed Cantley Octet  Paramount1 Diagonal Paramount2 Midpoint]
(e
W B
0

®
1%
%
0
00
<

Eqgn. 14. For each topology configuration,
Vawet 1S the net volume of each XX
configuration calculated by combining all
six entries in six stress direction and YY
removing the overlapping struts. " p for

each topology configuration is determined, b5
as shown in Eqn. 15, using a performance e XY
table. These values are provided in Table. o2
They are determined using results from a
design example [22]. In this example, a 15 X7
x 15 x 15 cm cube is divided into 3 x 3 x 3

oA dradradviy
PORR P
#2228 L
P 560 67
VW00 U000
GO0 F5 10
A

nit-cell libra

c

Figure 15: [22]

<
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of the same unit-cell configuration. The same loading and boundary condition, shown in Figure
13, is applied to the cube. There are six loading condition approximating the six axial and shear
stresses. Each of these loading conditions will be applied to all seven configurations in the
library; therefore, there will be 42 unique topologies, as shown in Figure 15. The strain energy
from each topology is calculated. The results are normalized between 0 and 1 and plugged in the
performance table to calculatez p. In addition, there are three weighting values W,, W,,, and W),

which can be set manually to vary the importance of each contributing factors to generate
different topologies. The configuration with the lowest rating is selected and mapped to that
particular unit cell in the ground structure.

Table 4: Performance table used for selection of unit-cell configuration [22]

XX Axial | YY Axial | ZZ Axial | XY Axial | YZ Axial | XZ Axial
Crossed 0.0745 0.0693 0.0375 0.0810 0.0747 0.0752
Cantley 0.5399 0.4885 0.0539 0.5418 0.5353 0.2626
Octet 0.2281 0.2023 0.1050 0.1004 0.0891 0.0863
Paramountl | 0.0197 0.0907 0.0500 0.9865 0.3904 0.3734
Diagonal 0.0743 0.0704 0.0390 0.1166 0.0881 0.0956
Paramount2 | 1.0000 1.0000 1.0000 0.6043 0.5569 0.5462
Midpoint 0.1058 0.0955 0.0507 1.0000 1.0000 1.0000
3.3.3 Mapping

Once the best possible configuration is determined for a unit cell in the ground structure, it is
mapped to that region. If there is a node from the unit-cell configuration that does not exist in the
unit cell of the ground structure, it will be added using 3-D linear interpolation. After all the
missing nodes are added, the unit-cell configuration can then be populated into the unit cell.
The normalized stress values from step 4 of the augmented SMS method are scaled against the
normalized diameter values from the unit cell library to determine the relative thickness of one
strut to another.

4 Design Examples

In order to validate the augmented SMS method, it will be applied to three design example.
The first example is a 3-D curve cantilever beam. The second example is a micro aerial vehicle
fuselage. These examples serve to validate the augmented SMS method and demonstrate its
ability to design large-scale MSLS on complex-shaped parts with curve or non-rectangular
surfaces.

4.1 Curved Cantilever Beam

The first example is a simple, three-dimensional, curved cantilever beam with rectangular
cross section. The beam is fixed at one end and has two point loads applied in the z-direction at
the free end. The initial properties of this design problem are provided in Table 5. Ultimately, the
primary goal of this example is to illustrate the modified algorithm in steps two, three, and four
has allowed the augmented method to overcome the significant limitations with the previous
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implementations of the SMS method which cannot be utilized in structures with curved surfaces.
For this example, the unit-cell regions do not have local coordinate systems that are the same as
the global coordinate system. The weighting values from Eqn. 13 are set at: W, =1, W,, =1,
W, = 0. With these values, the topology was generated with 28 diagonal configurations. Other
topologies were also generated by varying the weighting values. However, this topology has the
best structural performance for this particular structure and loading condition. Figure 16 shows
the final topology of the curved cantilever beam using active-set method, as well as the results
from the intermediate steps. The strut diameter results are summarized in Table 6. The results
show that the 28% method is able to converge about 6 times faster than either two-variable
optimizations; however, the deflection result is worse than either two-variable approaches. The
two 2-variable optimizations return identical results. However, the active-set method is able to

converge faster. As mentioned in example 1,

Table 5: Initial properties of the curve cantilever beam is important to note that the diameter

Outer Radius (mm) 84.5 results reported for the SMS method are the
Inner Radius (mm) 74.5 actual diameters of the structure after being
Width (mm) 20 scaled against the solid body analysis and
Length(mm) 105 unit cell library scaling factors. The pre-
Loading Magnitude (N) 1 scaling Dygv and Dyy for the active set
Elastic Modulus (N/mm?®) 1960 method are 0.4135 mm and 7.0704 mm,
Unit-cell size in-plane (mm) 10 respectively.

Unit-cell size Out'plime (mm) | 10 Besides the three  optimization
Target Volume (mm’) 5000

approaches, a design space exploration/grid
search was conducted. The design space
exploration is done using pre-scaling values of diameters. This was performed by iterating both
Dy and Dyx from 0.1 to 10 mm with increments of 0.1 mm. The result is plotted in Figure 17.
Based on the results from the initial exploration, a finer resolution of the design space was
conducted around the apparent minimum by searching D,y from 0.3 to 0.5m and D)4y from 6.9
to 7.3 mm. with increments of 0.01 mm, as shown in Figure 18. The red diamond indicates the
minimum found in design exploration. Diameter results that return the lowest objective
function value are shown in Table 6. The pre- and post-scaling values from the design space
exploration are included in two of the columns. These diameter values are found to be close to
the values obtained from the SMS method. Both two-variable optimizations were able to return
results with much lesser design time than the design space exploration.

In addition to the augmented SMS method, ground truss approach was utilized to perform
topology optimization for this selection scenario. Levenberg-Marquardt algorithm was used to
optimize the ground truss. When compared with the ground truss approach, the augmented
SMS has comparable performance result, but is able to converge much more quickly with about
70 times decrease in design time using two-variable approach and about 400 times decrease in
design time using one-variable approach

4.2 Micro Aerial Vehicle (MAV) Fuselage

The final design example is a micro aerial vehicle (MAV) fuselage. MAVs play a critical
role in modern military operations as they allow easy surveillance in hazardous environment.
The next generation of these aerial robotic systems needs to have enhanced take-off and landing
capabilities, better endurance, and be adaptable to mission needs in varying conditions [28]. In
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terms of the design of the wings and fuselage of these MAVs, some types of structures and/or
materials that are lighter, stronger and customizable are highly desired.

Figure 16: Final topology of curved cantilever beam using active-set method

Table 6: Optimization result for the curved cantilever beam

Lo SMS SMS SMS .SMS .SMS Ground

Optimization . Design Space Design Space

Approach 28% . Active- Le:aft-s.quz.tre Exploration Exploration Truss

Assumption Set Minimization (Pre-Scaled) Scaled LM

Deflection(mm) 1.341 0.901 0.901 0.900 0.900 0.780
Volume (mm’) 5501.0 5500.5 5500.5 5500 5500 5501

D in (mm) 1.13 0.65 0.65 0.41 0.64 -

D yax (Mmm) 243 3.88 3.88 7.09 3.87 --
Design Time (s) 7.8 46.7 52.8 2860 2860 3260

In this design example, the fuselage is designed to withstand the impact when landing or
crashing. There is a distributed load from the payload applied to the inner surface of the
fuselage. The weight of the motor and the tail are modeled as point loads at their centers of mass.
This is done in ANSYS using a rigid link element. The equivalent couple is applied to the truss

All these weights are scaled by a factor of ten to simulate impact when crashing. The

structure.
A small area on the

weight of the wing is small and assumed to have negligible contribution.
bottom of the fuselage is fixed to model the contact zone as the MAV is crashing. Multiple
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views of the fuselage are shown in Figure 19 with key dimensions labeled. The initial properties
of the design problem are provided in Table 7.

Dimax[mm] 6.9 UD,B , |
Figure 17: Design space exploration for the Figure 18: Design space exploration with finer resolution
curved cantilever beam around the solution for the curved cantilever beam

The objective is to achieve a target

Table 7: Initial rties for the fusel -
e volume of 100,000 mm’ or 65% porosity

Al (mm) 47 | L (mm) 254 relative to the solid model while
A2 (mm) 90 | Fmotor (N) 5.9 | minimizing the deflection of the structure.
A3 (mm) 45 | Fra (N) 27| The ground structure for the fuselage is
Fpayload generated by TrussCreator with the
D (mm) 45 0.1 desirabl it-cell si ided i
(N/mm2) esirable unit-cell sizes as provided in
Unit-cell in-plane 12 | Modulus (N/mm2) 1960 Table 7. There are 214 .umt‘ cells in the
(mm) ground structure. The weighting values in
Unit-cell in-plane 12 | Poisson Ratio 03| Eqn. 13 set at: W, =0, W,, =1, W, = 5.
(mm) With these weighting values, the topolo
Unit-cell out-plane 3 Target Volume 100,00 . g g > pology

is  generated with 101  crossed
configurations and 113 diagonal configurations. The topology matches the expectation based on
the solid-body analysis. Other topologies were also generated by varying the weighting values.
However, this topology has the best structural performance for this particular structure and
loading condition. The average displacement of selected nodes on the top of the fuselage, where
the large displacement occurs according to the solid-body analysis, is used as the metric for
deflection.

The strut diameter results are
summarized in Table 8.  The
active-set method returns the best
deflection value but at the expense
of design time with more than four
times longer than the fastest
method: 28% assumption.
However, 28% assumption returns the worst deflection result compared to the two 2-variable
approaches.  Of the 2-variable optimization methods, the least-squares minimization approach

B A, (FRONT)

Figure 19: Multiple views of the fuselage
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is noticeable faster. The structure contains 101 crossed configurations and 113 diagonal
configurations. The pre-scaled values of D,y and D,4x for the active set method are 0.5178 mm
and 7.1406 mm, respectively. Figure 20 shows the final topology of the MAV design using the
active-set method, as well as the results from the intermediate steps.

Frai
Fotor

Foayload

l (a) Side View \1,

Figure 20: Final topology for the fuselage.

In addition to the three optimization approaches, design space exploration/grid search was
conducted. The design space exploration is done using pre-scaling values of diameters. Dy
and Dyx were iterated from 0.1 mm to 10 mm and with an increment of 0.1 mm. The increment,
0.1 mm, is coarse to reduce analysis time. However, even with the coarse increment, the design
space exploration already takes a long time to complete. Exhaustive search is not a feasible
solution for structures with large numbers of struts. The result is plotted in Figure 21a. A finer
resolution of the design space was conducted around the apparent minimum by searching D,y
from 0.4 to 0.6 mm and Dy from 7 to 7.3 mm with an increment of 0.01 mm. Figure 21b
shows the design space zoomed into the region of interest. The red diamond indicates the
minimum found in the design space exploration. Diameter results that return the lowest objective
function value are shown in Table 8. The design space exploration diameter values are found to
be close to the values obtained from the SMS method. Both two-variable optimizations were able
to return results with much less design time than design space exploration. It can be seen from
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Figure 21b, there is a valley in the design space exploration near the solution, which might cause
the active set method to converge slowly because of the shallow gradient along one direction.

Table 8: Optimization results for the fuselage

Optimization 28% Active- Least-square Des1gn.Space Design Space
. s Exploration (Pre- .

Approach Assumption Set Minimization scaled) Exploration Scaled
Deflection(mm) 0.327 0.299 0.319 0.296 0.296
Volume (mm’®) 100000.0 99973.0 100010.0 100000 100000

Dpin (mm) 0.85 0.65 1.12 0.48 0.62

Dpax (mm) 3.04 4.16 3.29 7.28 4.22
Design Time (s) 378.6 1630.9 508.9 76660 76660

5. Conclusions

In this article, two advances are reported for designing MSLS. First, computer-aided design
technologies were developed for efficiently generating and representing MSLS. More
specifically, methods to construct conformal lattice structures were presented. Secondly, an
augmented size matching and scaling design method for the design of conformal lattice
structures was presented. This method enables us to design and efficiently optimize MSLS on
complex-shaped parts by integrating the free-mesh approach in generating conformal lattice
structures for the ground structure generation process. In addition, the method removes the need
of rigorous large-scale multivariable topology optimization by utilizing a heuristic that reduces
the multivariable optimization problem to a problem of only two variables, which combines
solid-body analysis and predefined unit-cell library to generate the topology of the structure.
Based on this work, the following conclusions can be made:

Design Space Exploration with Dmin, Dmax, and the Objective Function Value
The Coiors Represeni ihe Ubjective Funciion Vaiues
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o @
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Figure 21: [a] Design space exploration for fuselage, [b] Zoomed-in design space for the fuselage

[b]
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The present CLS construction methods produce lattice structures on a wide variety of surface
shapes, demonstrating the generality of the method. These methods produced CLS that was of
high quality, since the unit cells were of nearly uniform size.

In step 3 of the augmented SMS method, a new algorithm was developed to determine which
unit cell of the ground structure the finite-element nodes fall into. After the finite element
nodes are mapped to the correct unit cells in the ground structure, a stress transformation from
global to local coordinate systems of the unit cells is conducted using standard rigid-body
rotations.  Utilizing the property of second-order tensor, the stress was transformed to its
proper local state to generate the correct topology as shown in the examples.

For these particular structures with the given loading conditions, topologies generated with
crossed configuration, diagonal configuration for Example 1, and a combination of cross and
diagonal configurations for Example 2 return the best possible stiffness result.

The weighting values W,, W,,, and W, from Eqn. 13 should be set such that the topology is
generated with the diagonal configuration for Example 1, and a combination of crossed and
diagonal configurations in Example 2. These weighting values are associated with 7., Vnet,

and 3 p, respectively, in Eqn. 13. S p is a performance parameter that always favors the

cross configuration because it has the lowest strain energy.

No generalized statement can be made on which unit-cell configuration should be selected
because the method and the unit-cell library are only tested for a narrow set of design problems.
Between one-variable and two-variable optimizations, one-variable optimization using the 28%
assumption consistently returns diameter results much faster than either two-variable
optimization methods, but at the cost of structure stiffness. The two two-variable optimization
methods produced very similar results in the first design example in terms of stiffness and
design time. However, least-squares minimization outperformed the active-set method in terms
of design time in the MAV example. Due to the trade-off between design time and structural
stiffness, the designer must make choose which design criteria are more important in his/her
design when choosing the optimization approach.

Overall, the augmented SMS method can be applied effectively in the design of conformal
lattice structure with highly optimized stiffness and volume for complex surfaces. For simpler
structures such as in Example 1, the augmented SMS method can reduce design time up to 70
times compared to normal topology optimization using a two-variable approach. In cases
where topological optimization is infeasible, such as Example 2, the augmented SMS method
can still effectively generate complex MSLS. This approach removes the need for a rigorous
topology optimization, which is a main bottleneck in designing MSLS.
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